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LIGHTNING CRITERIA RELATIVE TO SPACE SHUTTLES: 
CURRENTS AND ELECTRIC FIELD INTENSITY IN 
FLORIDA LIGHTNING 


by 

* 

Martin A. Uman 
and 

D. Kenneth McLain 

Westinghouse Research Laboratories 
Pittsburgh, Pennsylvania 15235 


Introduction 

Only a few hundred reliable measurements have been made of 
lightning current vs. time, and all of these represent the current 
flowing at the base of the lightning channel [ Uman , 1969]. Furthermore, 
most of these measurements involved lightning to tall structures, and 
it is not clear whether such lightning is similar to strokes to 
relatively flat ground. 

Aircraft and launch vehicles in flight are natural targets 
for lightning. Thus, it is important to have adequate statistics on 
current in lightning channels above the ground in order to be able to 
protect aircraft and vehicles against the deleterious effects of 
lightning. 

Several attempts have been made to derive return- stroke 
channel current waveforms from measured electric or magnetic fields 
(e.g., Norinder and Dahle , 1945; Croom , 1964; Srivastava and Tantry , 
1966). In none of these studies was the time resolution of the 
measurement adequate to allow the current risetimes to be properly 
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calculated. Further, the most extensive work, that of Norinder and 
co-workers, employed theory which was in error ( Uman and McLain . 1969). 
All previous studies designed to extract current from measured fields 
have employed the return stroke model of Bruce and Golde [l94l]. 

We have been unable to find in the literature any detailed 
analysis on a microsecond time-scale of the electric field intensity 
produced by close (within 10 km) lightning return strokes in cloud-to- 
ground flashes. A number of calculations of the electric field due 
to distant (over 100 km) lightning have been made using the moment 
equation approximation [see McLain and Uman , 1971]; and Morrison [1952], 
using the same approximation, has computed the electric field at 
distances between 16 and 100 km for an atypical lightning current 
rising to peak value in about 50 psec and decreasing to half of peak 
value in about 200 psec. 

In the present report we first find a "typical" lightning 
return-stroke current waveform from measured radiation (distant 
electric) fields using the technique described by Uman and McLain 
[ 1970a], and then, with the derived current, compute the electric 
field intensity at distances between 0.5 and 100 km using the expression 
given by McLain and Uman [l97l]. The predicted electric field waveforms 
for close lightning are then compared with measured waveforms. 

Following this we derive from electric fields measured close to lightning 
the return stroke currents necessary to produce those fields. 
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Theory 


The electric field intensity E at a distance D from the 
bottom of a straight vertical channel of height H due to the return 
stroke current i(z,t) is given by McLain and Uman [l97l] as 


E(D,t) 



( 1 ) 


where E is perpendicular to the ground plane, assumed infinitely 
conducting, and all geometrical parameters are defined in Fig. 1. The 
first term on the right of (l) is called the electrostatic field, the 
second the induction or the intermediate field, the third the radiation 
field. For D»H (the radiation field dominant) and a constant return- 
stroke wavefront velocity v, Uman and McLain [ 1970a] have solved (l) 
for current in terms of electric field for two return stroke models. 

In this paper we consider only the transmission line model of Uman 
and McLain [1969] in which a given current waveshape propagates up the 
lightning channel at velocity v behind the wavefront: that is, 
i(z,t) = i(t-z/v). In this case 


2nc 2 e D n 

Kt) = — v — E(t+-) 


( 2 ) 
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as long as t < H/v. That is, the current and the electric field have 
the same waveshape until the return stroke wavefront reaches the top 
of the channel, a time typically between 20 and 200 [isec. 

In order to use the approach described above, we must 

justify the approximation of a constant return stroke wavefront 

velocity. According to Schonland [1956], this is the case for return 

strokes subsequent to the first, with two-dimensional velocities 

7 8 

ranging from 2.4 x 10 to 1.1 x 10 m/sec. For first return strokes, 
the wavefront velocity according to Schonland et al. [1935] is constant 
between major branches (14 strokes were analyzed). For three first 
strokes for which detailed data are presented, Schonland et al. [ 1935] 

g 

report constant return stroke velocities from ground upward of 1.6 x 10 
m/sec for 10 psec, 5.2 x 10^ m/sec for 13 psec, and 9.2 x l(f m/sec 
for 17 psec. Thus for first return strokes it may be reasonable to 
assume a constant return stroke velocity for about 10 psec. It follows 
that calculations for current rise time and peak value are probably 
valid if, as is usually the case, they occur before about 10 psec. In 
this paper we will carry the calculations to 30 psec and in the absence 
of other information, will assume that v for first and for subsequent 
strokes is constant for this time. 

As stated, we use a transmission-line model to describe the 
return- stroke. The most commonly used return stroke model has been 
that of Bruce and Golde [l94l]« In the 'Bruce-Golde model the channel 
current is assumed uniform along the channel but time- varying below 
the return stroke wavefront and zero above. We reject the Bruce-Golde 
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model for several reasons: (l) our computer studies show that it cannot 
account for the broad initial hump (mostly electrostatic field) observed 
by us on very close (less than 1 km) electric field waveforms (see 
Figs. 6 and 8) whereas the transmission line model can; (2) it cannot 
account for the mirror image effect (Fig. 7 of Fisher and Uman . 1972; 
Fig. 2c of Taylor, 1963) observed previously and in a number of Florida 
storms during summer 1971 whereas the transmission line theory can 
as illustrated by Eqs. (ll) and (12) of Uman and McLain . f 1970bl; and 
(3) it is not physically reasonable in that it requires an infinitely 
fast information transfer along the channel, and even a version of it 
which is physically reasonable [ Dennis and Pierce . 1964] makes less 
physical "sense" than the transmission line model. Both the Bruce-Golde 
and the transmission line models are of about equal complexity to use. 

It is interesting to note that for a linear or concave current-rise to 
peak, as is observed, both models predict that the peak field and 
the peak current are attained in the same time. On the other hand, 
for linearily rising currents and for a given measured electric field 
value, the Bruce-Golde model yields a peak current l/2 that found from 
the transmission line model and for concave rising currents even less 
(compare Eqs. (6) and ( 12) of Uman and McLain , 1970a). 
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The Experiment 


The bulk of the electric field measurement? on which this 
report is based were obtained at Kennedy Space Center, Florida during 
June and July of 1971. Data were also obtained near Pittsburgh, 
Pennsylvania during the summer of 1970 f Fisher and Uman , 1972] and 
near Tucson, Arizona during the summer of 1971. Electric field wave- 
forms recorded at these three locations are qualitatively similar. At 
each location a range of electric field parameters (e.g., risetime, 
peak value) was observed. The system used to record the electric field 
waveforms presented in this paper is that described by Fisher and Uman 
[1972] but modified to have a 2.5 psec signal delay, a system rise 
time of slightly less than 0.5 psec, and a system response to a step 
function input which decays 30 percent from peak in about 60 psec. 

The antenna was placed on a sandy beach about 10 m from the 
Atlantic Ocean at Kennedy Space Center, Florida. Distances to the 
lightning flashes studied were determined from the time separation on 
strip chart records between the channel light output and thunder arrival 
for strokes within about 18 km. Several more distant lightning flashes 
were located from a comparison of visual channel observation with radar 
maps. Measurements were made on flashes both over land and over water. 

A total of 98 strokes in 21 flashes at distances less than or equal to 
10 km and 63 strokes in 18 flashes at distances between 10 and 32 km 
were analyzed for return stroke current. Of the latter 18 flashes, 

31 strokes in 8 flashes were over water. Of the 98 close strokes, 
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95 were from a single storm system. 

The signs of all measured electric field waveforms presented 
in this report are indicative of the lowering of negative charge 
from cloud to ground. 
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Results 


Typical electric field waveforms from a multiple-stroke 
lightning flash at a distance between 20 and 40 km are shown in Fig. 2. 
Distant waveforms from Florida are very similar to the distant waveforms 
recorded in Pennsylvania (see, for example, Figs. 4-6 of Fisher and 
Uman, 1972). The waveforms in Fig. 2 are primarily radiation field. 

The first few tens of microseconds of more distant waveforms (lOO km) 
are essentially pure radiation field, but may suffer propagation 
distortion as evidenced by a degradation of the risetime and a rounding 
of the initial peaks and other high frequency components ( Fisher and 
Uman, 1972). We have examined about a thousand waveforms from 16 
Florida storms in the distance range 20 to 100 km. The waveforms 
from the closer part of this range were used to determine typical 
radiation-field rise-time and behavior around peak while the more 

distant waveforms were used to obtain data on radiation field fall-time. 
In this way "typical" radiation field waveforms were derived. "Typical" 
return-stroke currents were found from these radiation fields using (2). 
As evident from (2) the current has the shape of the electric field 
intensity at 100 km (in the absence of propagation distortion). 

"Typical" currents are shown in Figs. 3-5. Roughly 30 percent of the 
distant first-stroke fields and 60 percent of the distant subsequent 
stroke fields could be well approximated by the shape of the 100 km field 
of Figs. 3a, 4a, and 5a. Roughly 50 percent of the distant first-stroke 
fields could be well approximated by the shape of the 100 km 
fields of Figs. 3c, 4c, and 5c. The most common 
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variations from the "typical" were a range of field fall-times, the 
presence of multiple peaks, and a range of risetimes mostly between 
0,5 and 5 psec. 

In Figs. 3-5 is shown the electric field intensity computed 

from (l) using the transmission-line model for various distances from 

a typical stroke current for a constant product vl^ (i is peak current) 

and three values of v and I . Keeping vl constant forces the distant 

P P 

radiation field magnitude to be the same in each drawing via (2). It 

is assumed that the return stroke wavefront takes more than 30 psec to 

reach the channel top, and hence no electric field variation associated 

with the end of the channel is shown. Figs. 3-5 scale linearly with 

I . For example, if Fig. 3 is to be used for a peak current of 100 kA, 
P 

the values of electric field given on the ordinate should be 
multiplied by 5. The field waveshapes at close range are strong 
functions of v. 

We have computed the electric field intensity as a function 
of distance and return stroke velocity for a range of observed distant 
waveforms (and currents) and find them all qualitatively similar to 
the waveforms of Figs. 3-5. The following two results of the 
calculation are worth comment: First, the distance at which the 

initial field peak, essentially radiation field, can no longer be 
discerned is a function of the sharpness (width) of the peak. Sharper 
peaks can be discerned at closer distances. Second, for a given v, 
the value to which the close electric field rises at a given time 


9 



after the initial peak, essentially electrostatic field, depends 
primarily 'on the time integral of the current, the charge transferred, 
to that time. Thus, the slower the distant radiation field falls with 
time, the higher the close electrostatic field will rise. After the 
electrostatic field maximum the field decreases slowly with time. 

When the stroke current has ceased to flow at all points in the 
channel, the total charge involved in the current waveform has 
effectively been lowered from the top to the bottom of the channel. 

The final field value (actually the field change) can be computed 
from the standard formula (Eg. 3-37, Uman , 1969). For example, for the 
case given in Fig. 4a and a 5 km high channel, the field at 0.5 km 
will reach a final value of 58 V/m (its peak is about 1300 V/m), 
while the field at 10 km will reach a final value of 5.3 V/m. 

Figs. 6-11 show measured return-stroke field waveforms 
from close strokes. All the data shown are from the same storm. The 
field of the single stroke flash at 0.5 km shown in Fig. 6 could have 
been produced by a range of return stroke velocities and current 
waveshapes: For example, a current rising to a peak of 41 kA at 

5 psec and fall-time to half value at 17 psec in conjunction with a 
return stroke velocity of 4 x 10 m/sec; or a risetime of 10 psec to 
58 kA and fall-time to half value at 30 psec in conjunction with a 
velocity of 1 x 10 m/sec. Figs. 7 and 8 show the fields of close 
multiple stroke flashes for which no distance ranging was available. 
From the size of the fields and the time of occurrence during the 
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storm we strongly suspect that the flashes were at about 1 km. The 
waveforms of Fig. 7 are very similar to the calculated field in Fig. 

5a for v = 1.6 x 10 m/sec, a distance between 0.5 and 1 km, and peak 
currents in the 25 to 50 kA range. In Fig. 8 initial radiation field 
peaks are apparently present on both the first and subsequent strokes. 
The waveforms are qualitatively similar to those shown in Fig. 4a for 
a distance slightly greater than 1 km. Some of the late-time decrease 
in the first-stroke field may be due to system response. Fig. 9 shows 
fields at 1.1 km. The various stroke fields can be produced by peak 
currents in the range 20 to 60 kA with return stroke velocities of 

g 

1.6 (+ 0.4) x 10 m/sec. Velocities outside of this range do not 
allow the measured wave shape to be adequately reproduced. Fig. 10 
shows return stroke field waveforms at 1.5 km. Two of these are 
analyzed in detail in Fig. 13. Currents which produced the waveforms 
of Fig. 10 fall in the range 30 to 120 kA with velocities of 1.6 
(+ O. 4 ) x 10^ m/sec. Fig. 11 shows return stroke field waveforms at 
4.5 km. The first and a subsequent stroke field are analyzed in 
detail in Figs. 12 and 13. The first stroke peak current is in the 
range 37 to 75 kA with a velocity of 1.2 (+ O. 4 ) x 10^ m/sec. Several 
of the subsequent stroke fields shown in Fig. 11 required a velocity 

g 

of 2.4 (+ 0.4) x 10 m/sec, remarkably close to the speed of light, 
in order that the computed waveform match the measured. 

While most of the close strokes measured in Florida (the 
majority from a single storm) have electric field waveshapes indicative 
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of return stroke velocities near or above the upper limit of the range 
reported by Schonland et al. [ 1935] and Schonland [1956], most of the 
electric field waveshapes recorded from close lightning in Pennsylvania 
( Fisher and Uman , 1972) are indicative of lower return stroke velocities. 
For example, if it is assumed that the flash whose fields are shown in 
Fig. 3 of Fisher and Uman [1972] was at 7.5 km, then the best theoreti- 
cal fit to the waveshape is attained with a velocity of 6 x 10 m/sec 
and a peak current of 53 kA. The current waveshape is qualitatively 
similar to that called "typical" in the Florida measurements but with 
a risetime of 3 psec and a fall time to half-value at 8 psec. 

For the 98 electric field waveforms due to strokes at distances 

less than or equal to 10 km (95 of these from the storm system recorded 

on data rolls 26a, b and 27a, b), both the current waveforms and the 

return stroke velocities could be determined within limits. Individual 

& 

return stroke velocities were found to be in the range 0.8 to 2.4 x 10 
m/sec for best fits to the electric field data. A typical variation 
of v for an allowable fit around the best fit value was found to be 
+ 0.4 x 10^ m/sec. 

Fig. 12 shows examples of measured electric fields for 
first strokes at various distances, calculated best fit currents and 
return stroke velocities, and the calculated electric fields that these 
yield. Figs. 13 and 14 show similar data for subsequent strokes. For 
those curves marked "photo", reproductions of the original film records 
are given in previous figures. Also given on the curves are the data 
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roll number and the GMT time (EDST plus 4 hours) as well as a notation 
if the stroke was over the Atlantic Ocean. 

The computed currents for first return strokes in Fig. 12 are 
probably valid to a few microseconds after the initial peak at which 
time it might be expected that a change in velocity due to a major 
branch would occur. The field dip near 10 psec and the peak near 20 
psec observed on a number of first stroke waveforms may be due to this 
change in velocity and the occurrence of a major branch. The field 
from a first return stroke at 0.5 km which could have been produced by 
a relatively wide range of currents and velocities is shown in Fig. 6 
and discussed previously. 

A characteristic of the lightning fields recorded on data 
rolls 26a, b and 27a, b is the initial double peak. The majority of 
observed storms (on which we had no good ranging) produced strokes 
whose fields had single initial peaks, although these strokes were all 
at distances greater than 10 km. 

Calculated peak current statistics are displayed in Fig. 15. 
For the 98 close strokes, the limits on the peak current are due to the 
range of return stroke velocities which can be used to fit a given field 
waveform. For the 6.3 strokes at D > 10 km, velocities could not be 
determined from field waveshapes so that currents were calculated by 
assuming v = 1.7 x 10 m/sec, the average of the velocities for 
D < 10 km. This choice of velocity might be relatively bad since it 
represents data from primarily one storm system whose lightning could 
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have had an anomalously high v. A lower average v would raise the 
values of peak current as indicated by (2). 

The maximum value of "best- fit" peak current is 106 kA due 
to a first stroke at 7.7 km. The probable upper limit to this peak 
current is 150 kA. The highest peak currents recorded in previous 
studies are near 200 kA [ Uman , 1969]. 

During June and July of 1971 measurements were made by NASA 
(using magnetic links) of the peak current in several discharges which 
struck the launch umbilical tower of Apollo 15. The largest of these 
was reported to be 98 kA. 

The maximum value of "best fit" rate-of-change of current 
averaged from zero to peak is 170 kA/psec due to a subsequent stroke 
at 4.5 km with a 0.5 psec rise-time from zero to peak and a peak value 
of 85 kA. The probable upper and lower limits to the rate-of-rise are 
210 kA/psec and 140 kA/psec, respectively. A total of four subsequent 
strokes were observed with risetimes of 0.5 psec. Since this is close 
to the system response time, it is possible that the rise-times were 
less than 0.5 psec and hence that the maximum rate-of-rise noted above 
was even greater than calculated. The highest value of current rate- 
of-rise previously reported is 80 kA/psec- [ Berger and Voqelsanqer . 1965] 
and represents not the average from zero to peak but the maximum value 
during the current rise to peak. The measurement by Berger and Vogel sanger 
was of the current produced by a subsequent stroke on a tower top on 
Mount San Salvatore near Lugano, Switzerland. 
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Errors 


The calculation of currents from measured fields presented 
in this paper is made assuming (l) that the return stroke velocity is 
constant, (2) that the return- stroke channel is straight and vertical, 
(3) that the peak current does not change with height, (4) that the 
current waveshape does not change with height, and (5) that the 
return stroke starts at ground level. 

(l) The matter of return stroke velocity has been discussed 
previously. (2) For a straight return stroke channel inclined at 
some angle to the vertical the calculated current (assuming a vertical 
channel) can be significantly in error. The worst case occurs if the 
channel is slanted away from the observer. For example, for a channel 
slanted away from the observer at 15° from vertical, D = 1.5 km, 
v = 8 x 10 m/sec, and a "typical current", the peak electric field 
is decreased about 15 percent from the vertical-channel case and the 
maximum value of the electrostatic hump at about 15 psec is decreased 
about 30 percent. The field waveshape is changed such that it appears 
to be due to a vertical channel of higher return stroke velocity. Thus, 
too high a velocity estimate coupled with too low an electric field 
measurement would result in a computed current smaller than the 
actual. For channels slanted toward the observer at about 15° from 

n 

vertical, D = 1.5 km, v = 8 x 10 m/sec, and a typical current, the 
initial field peak is practically the same as in the vertical case due 
to two effects which tend to cancel: The peak field decreases with 
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respect to the vertical case because 0 from (l) is less than 90° near 
the channel base, while the peak field increases due to the fact that 
the time at which signals arrive from higher and higher parts of the 
channel is less for the slanted channel. For a channel slanted toward 
the observer, the electrostatic hump is changed such that it appears 
to be due to a vertical channel of lower return stroke velocity. The 
net effect would be the computation of a larger current than existed. 

A channel slanted to the side with respect to the observer at about 
15° from the vertical would have exactly the same waveshape as a 
vertical channel with the same return stroke velocity but would have 
a magnitude about 4 percent lower. From the above it follows that 
straight non- vertical channels not more than about 15° from vertical 
do not produce electric field peaks which are too much different from 
the vertical channel case. However, relatively large errors in 
computed return stroke velocity may occur if velocities are determined 
from electric field waveshapes of non-vertical channels. Currents 
determined using these velocities will be similarly in error. Clearly, 
to extract properly the currents from the measured fields, it is 
necessary to independently measure return stroke velocity and channel 
shape. Note however that if one wishes to measure and analyze only 
the first few microseconds of the field waveform (in which the peak 
generally occurs), only the portion of the channel traversed by the 
return stroke in that time need be straight and vertical. 
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13) According to Schonland [1956] the luminosity of subse- 
quent strokes tends to decrease as the return stroke propagates upward, 
but the decrease is not pronounced. Thus one might expect the current 
not to decrease much with height. For first strokes, luminosity 
decreases abruptly at each major branch [Schonland, 1956], but is 
apparently roughly constant between major branches. The primary effect 
of the magnitude of the current waveform decreasing slowly with height 
is to cause the field after the initial peak to decrease more rapidly. 
For example, for the typical current shown in Fig. 3a but decreasing 
linearly to half-magnitude at a 5 km channel top, the field at 100 km 
would pass through zero and go negative at about 20 psec. 

(4) The leader channel is an imperfect conductor and hence 
there will be different propagation velocities and attenuation coeffi- 
cients for the various frequency components of the current waveshape. 
(Strictly speaking, this statement is only valid for a linear system, 
which the lightning channel, its currents, and fields may not well 
approximate). One therefore would expect some distortion in the 
waveshape with height. The fact that "mirror image" waveforms exist 
indicates that in some cases at least this distortion is not too greats 

(5) When the stepped leader nears ground, the electric 
field at ground will probably become large enough to initiate from 
ground one or more upward-going leaders (connecting discharges) which, 
from the meager observational evidence available, are of 10 to 50 m 
length above flat ground [ Uman . 1969]. Perhaps a reasonable upper limit 
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would be 100 m in view of the fact that Berger and Voqelsanqer [1965] 
found connecting discharges of 20 to 70 m length above a 55 m tower on 
Mount San Salvatore near Lugano, Switzerland. If the return-stroke 
current starts to flow at the connection of the upward apd downward- 
moving leaders and propagates components bot-h upward and downward, the 
total measured electric field will be due to both components. Any 
significant current wave i(t+(z-h)/v) , where h is the length of the 
connecting discharge, which propagates down the connecting discharge 
will cause an increase in the measured field while it is propagating. 

For the upper limit length of 100 m and v = 1 x 10 m/sec, the propagation 
time down the connecting discharge would be 1 psec. Thus, it is conceiv- 
able that the field due to current traversing the connecting discharge 
may contribute to the initial field peak for first strokes. The result 
would be that too large a channel current would be calculated during 
the time of the downward propagation. After the downward propagation 
front (voltage discontinuity and resultant current wave) reflects from 
the ground, the resultant upward propagating front and the main front 
ahead of it may be treated as one system with an overall channel current 
i(t - z/v) which would probably have two peaks. It is not known whether 
subsequent strokes have connecting discharges. Not infrequently 
electric field waveforms are observed which have a very sharp pulse 
occurring during the waveform rise to peak. This pulse might be due 
to the field from the connecting discharge. High-speed photographs 
time-correlated with the electric field traces will be necessary to 
settle these questions. 
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It is difficult to assess properly the errors in computed 


current due to differences between the model and actual return strokes. 

In view of the fact that most return stroke velocities as determined 
from electric field wave shapes were relatively high compared to the 
ranges reported by Schonland et al. ( 1935 ) and Schonland (1956), it 
would appear that most channels were either vertical or leaning away 
from the observer. Since it is more reasonable to expect the channels 
to have been randomly oriented, it follows that most were probably more 
or less vertical. On the other hand, much of the close data were taken 
on a single storm while it was moving toward the observation point. 

It is possible that the meteorological conditions were such as to slant 
these channels away from the observation point. If there is an error 
in calculated current due to this effect, it is probably in the direction 
of too small a computed current. 

The uncertainty in current magnitude due to drift and calibra- 
tion errors in the electric field measuring system and errors in 
extracting the field data from the 35 mm film on which the waveforms 
were recorded is estimated to be + 15 percent. 

Thunder ranging generally results in a slight underestimation 
of the distance to the main-current channel since sound is heard first 
from the nearest branches or in-cloud channels. This error becomes 
larger as the strokes become closer. Assuming that the initial thunder 
clap comes from the vertical main channel, we were, sometimes able to 
differentiate between the initial thunder and that due to the main 
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channel. If this approach is correct, the underestimation of distance 
for the closest strokes probably does not exceed 20 percent. Any 
distance underestimate leads to an underestimate of the current 
magnitude. 
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Discussion 


The available statistics on lightning peak current, current 
risetime, and time to half of peak current value have been summarized by 
Uman [1969]. The most reliable data on current waveshapes come from the 
Empire State Building study ( Haqenquth and Anderson , 1952), the Mount 
San Salvatore study ( Berger and Voqelsanqer , 1965; Berger , 1967), 
and the study by McCann [ 19441 . The total number of strokes analyzed 
in these studies was about 300 although not all salient properties of 
the current were published for all 300 strokes. (For example, there 
are only 115 published risetime measurements). Information on peak 
currents is more plentiful (about 3C00 measurements) primarily due to 
the magnetic link data reported by Lewis and Foust [1945]. All of the 
above data refer to the currents flowing at the base of the lightning 
channel, generally in structures which project high above the normal 
terrain. 

The peak current statistics of Figure 15 are in reasonable 
agreement with previous measurements. The 98 close strokes have a 
median peak current about twice that indicated by previous work. The 
63 strokes for which D > 10 km have a peak current distribution very 
close to that reported by Lewis and Foust [1945]. Our measured current 
risetimes, generally in the range 0.5 to 5.0 psec, are in good agreement 
with the literature which shows median risetimes in the range 1 to 3 psec. 

The primary discrepancy between the current waveshapes 
reported in this paper and those measured directly due to current flow 
in tall structure is the current waveshape around peak and its fall-time. 
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We generally find sharply peaked currents with a time to half of peak 
value of about 10 p.sec. The waveforms from direct current measurement 
generally show no sharp peak and a time to half of peak value of 30 to 
40 psec. If an initial peak were superimposed on these data, the 
resultant currents would be very similar to those derived from our field 
measurements. Three possible explanations for the discrepancy are: 

(l) The current in a structure at the base of the lightning may not have 
the same waveshape as the current propagating up the channel due to the 
effects of the connecting discharge and since the structure has different 
impedance characteristics from the channel; (2) The measurement 
techniques used on structures may have failed to detect sharp peaks 
which did exist; (3) The return stroke model is deficient and field 
peaks do not translate into current peaks. 

The current waveshapes for first strokes given in Fig. 12 are 
remarkably similar to the first stroke currents of Berger and 
Vogelsanger [1965] and Berger [1967]. In particular both sets of data 
usually show a broad second field-peak near 20 [isec. Berger [1967] 
attributes the second peak to branch currents. The similarity between 
our data and his is probably fortuitous since the model calculations 
do not take into account the effects of branches or of expected changes 
in the return stroke velocity. 

Kalakowsky and Lewis [1967] have presented data on stroke 
location and electric field intensities for very large strokes in New 
England. The study lasted for 30 months. From these data and assumed 
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return stroke velocities we can compute peak currents for the New 
England strokes. ' The largest of half a million waveforms is 

g 

indicative of a peak current of about 110 kA if v = 2 x 10 m/sec, 

g 

220 kA if v = 1 x 10 m/sec, and proportionally higher if v is lower. 
Twenty seven of the half million waveforms (or about 0.005 percent) 

g 

were indicative of a current over about 38 kA if v = 2 x 10 m/sec or 

g 

over about 76 kA if v = 1 x 10 m/sec. 

As noted in "The Experiment" section, 31 strokes in eight 
flashes were observed over the Atlantic Ocean. Neither this "water" 
sample nor the sample of strokes over land is large enough to draw any 
conclusions relative to the possible difference between lightning over 
water and over land. The primary apparent difference in the samples is 
that over-water currents have smaller peak values than the over-land 
currents. 

The risetimes of the over-water fields (which cannot be 
significantly affected by propagation losses) and the currents 
calculated from them were between 1.0 and 9.0 psec. Eight subsequent 
strokes had rise-times of about 1.0 psec. The six first-strokes on 
which measurements could be made had risetimes between 4-0 and 9.0 
psec, somewhat greater than typical over-land risetimes. 
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Conclusions and Recommendations 


A small sample of Florida lightning has yielded several peak 
currents in the 100 kA range or above. Several current risetimes of 
0.5 ^sec or faster were found; and the fastest observed current rate- 
of-rise was near 200 kA/psec. In Section 9.2.2 of NASA TM-64589 it is 
stated that 2 percent of currents can be expected to be over 100 kA, that 
these current peaks will be reached in 10 p,sec, and that the maximum 
rate-of-rise of current will be 10 kA/^sec. On the basis of the data 
presented in this report relative to channel currents in lightning to 
normal terrain, we feel the specification on current risetime and 
rate-of-rise of current should be changed: risetimes are generally 

1 [isec to a few microseconds with a minimum of tenths of a microsecond 
and a maximum of 10 psec; rates-of-rise of current may occasionally be 
expected to exceed 200 kA/psec. 

The original objective of this research was to obtain a 
meaningful statistical distribution of peak currents and current 
risetimes. It is clear that additional measurements will be necessary 
in order to achieve this goal. Further, as indicated by the discussion 
in the "Errors" section, return stroke velocity must be photoelectrically 
or photographically measured and channel shape must be determined 
photographically in coordination with the electric-field and stroke- 
distance measurements if accurate return-stroke currents are to be 
derived. This set of coordinated experiments would also allow further 
verification of the return-stroke model used. We therefore recommend 
that additional research in this direction be supported. 
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Fig. 1. Drawing defining the pertinent Fig. 2. Electric field waveforms for the 

geometrical factors used in computing various return strokes in a typical Florida 

the electric field intensity of the lightning flash at a distance between 

lightning return stroke. 20 and 40 km. 
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Fig. 3c. Calculated electric field intensity for Fig. 4a. Calculated electric field intensity for 

v = 4 x 10 7 m/sec and various distances for typical v = 8 x 10 7 m/sec and various distances for typical 
currents whose waveshapes are that of the electric currents whose waveshapes are that of the electric 
field at 100 km. The ordinate scales with I • field at 100 km. The ordinate scales with I . 
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Fig. 4i>. Calculated electric field intensity for v = 8 x 10^ m/sec and 
various distances for typical currents whose waveshapes are 
that of the electric field at 100 km. The ordinate scales 

with I . 
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Fig. 4c. Calculated electric field intensity for v = 8 x 10 m/sec and 
various distances for typical currents whose waveshapes are 
that of the electric field at lOO km. The ordinate scales 
with I . 
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Fig. 5a. Calculated electric field intensity for v = 1.6 x 10 8 m/sec a 
and various distances for typical currents whose waveshapes 
are that of the electric field at 100 km. The ordinate scales 
with I . 
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Fig. 5b. Calculated electric field intensity for v = 1.6 x 10 8 m/sec 
and various distances for typical currents whose waveshapes 
are that of the electric field at 100 km. The ordinate 
scales with I . 
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Fig. 5c. Calculated electric field intensity for v = 1.6 x 10 m/sec 
and various distances for typical currents whose waveshapes 
are that of the electric field at 100 km. The ordinate 

scales with I . 
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Fig. 6. The return- stroke electric field intensity for a single 
stroke flash at 0.5 km. 
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Fig. 7. The electric fields of Subsequent strokes in a multiple 
stroke flash at a distance probably near 1 km. 
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8. The electric fields of the first and subsequent strokes in a 
2 stroke flash at a distance probably near 1 km. 
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Fig. 9. The electric fields of subsequent strokes in a multiple stroke 
flash at 1.1 km. 
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Fig. 12. Electric fields and currents of 6 first return strokes at 
distances between 3.5 and 14.4 km. The calculated current 
waveforms (dashed lines) and return stroke velocities are of 
those which give calculated electric fields (dotted lines) 
closely matching the measured fields (solid lines). 

Stroke ^istance D is in km; return stroke velocity 
v in 10 m/sec. 
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/Fig. 15. Statistical distribution of peak currents. For the 98 close 
strokes, the probably upper and lower limits are due to the 
range of return stroke velocities for which reasonable fits 
to the measured fields can be obtained. This spread in peak 
values does not include the effect of measurement errors and 
errors due to possible deficiencies in the model. These are 
discussed in the Errors section. 
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